Context. Chamaeleon II molecular cloud is an active star forming region that offers an excellent opportunity for studying the formation of brown dwarfs in the southern hemisphere. Aims. Our aims are to identify a population of pre-and proto-brown dwarfs (5σ mass limit threshold of ∼0.015 M ⊙ ) and provide information on the formation mechanisms of substellar objects. Methods. We performed high sensitivity observations at 870 µm using the LABOCA bolometer at the APEX telescope towards an active star forming region in Chamaeleon II. The data are complemented with an extensive multiwavelength catalogue of sources from the optical to the far-infrared to study the nature of the LABOCA detections. Results. We detect fifteen cores at 870 µm, and eleven of them show masses in the substellar regime. The most intense objects in the surveyed field correspond to the submillimeter counterparts of the well known young stellar objects DK Cha and IRAS 12500-7658. We identify a possible proto-brown dwarf candidate (ChaII-APEX-L) with IRAC emission at 3.6 and 4.5 µm. Conclusions. Our analysis indicates that most of the spatially resolved cores are transient, and that the point-like starless cores in the sub-stellar regime (with masses between 0.016 M ⊙ and 0.066 M ⊙ ) could be pre-brown dwarfs cores gravitationally unstable if they have radii smaller than 220 AU to 907 AU (1.2" to 5" at 178 pc) respectively for different masses. ALMA observations will be the key to reveal the energetic state of these pre-brown dwarfs candidates.
Introduction
The formation of brown dwarfs (BDs) is still a hot topic of research. The most widely discussed scenarios for their formation include turbulent fragmentation (Padoan & Nordlund, 2004) , ejection from multiple protostellar systems (Reipurth & Clarke, 2001; Bate et al., 2002; Bate, 2012) , disk fragmentation and subsequent ejection (Stamatellos & Whitworth, 2009) , and photo-evaporation of massive pre-stellar cores (Whitworth & Zinnecker, 2004) . Since stars and brown dwarfs evolve very rapidly during the first million years, many answers to the formation mechanism (or mechanisms) must come from the study of their properties when they are deeply embedded in the natal cloud, what we call the 'proto-BD' stage (which would correspond to the Class 0/I stage in the classical evolutionary scheme of young stellar objects; Lada 1987; André et al. 1993 André et al. , 2000 . If we find proto-BDs surrounded by substantial envelopes, similar to the ones observed in the first stages of low-mass protostars (André et al., 2000) , they would Send offprint requests to: I. de Gregorio-Monsalvo provide direct support for in situ formation of brown dwarfs. Thus, sensitive millimeter and submillimeter surveys offer the exciting prospect of identifying a population of proto-BD candidates for the first time.
Previous works aiming to study the earliest stages of the formation of BDs in the millimeter/submillimeter regime have followed two different approaches: core surveys (map the dust continuum emission of a region of a molecular cloud to detect the presence of sub-stellar cores, limited by the signalto-noise ratio achieved and the extension of the maps; e.g. Greaves et al. 2003) , and the study of individual objects using previous information at other wavelengths (e.g., Barrado et al. 2009; André et al. 2012; Palau et al. 2012; Lee et al. 2013; Palau et al. 2014) .
The development of the new generation of submillimeter bolometer arrays like LABOCA 1 at the APEX 2 telescope together with the excellent weather conditions of the site (Llano 1 http://www.apex-telescope.org/bolometer/laboca/ 2 http://www.apex-telescope.org/ b) a) Fig. 1 . a) Spitzer/IRAC Color-Color diagram, with a classification for Class I, II, and III for candidate members in Cha II. b) Distribution of possible members of Cha II on the sky. The contours correspond to an IRAS map at 100 microns. X-ray sources appear as three-point stars (mostly Weak-line TTauri stars), from the literature. New candidate members, based on our analysis of Spitzer data, are displayed as triangles, squares, pentagons, crosses and small circles (sources with evolutionary stages between Class I and II), depending on the evolutionary class (i.e., the IRAC IR excess, from a Color-Color diagram following Allen et al. 2004) . Red square shows the region selected to be observed with LABOCA, which includes two out of the three Class I objects of the Cha II cloud.
Chajnantor, 5000 m high), provide an excellent opportunity to carry out core surveys mapping extended regions at high sensitivity in a reasonable amount of time.
The southern star forming region in Chamaeleon consists of three major dark clouds -Chamaeleon I, II & III-and a handful of smaller structures (Schwartz, 1977) . Given its relative proximity (160-180 pc), youth (1-3 Myr) and intermediate galactic latitude (b ∼ −17 deg), this cloud complex is well suited for investigations of low-mass stellar and sub-stellar populations.
We are particularly interested in Chamaeleon II (Cha II) region since it seems to be in the earliest stage of evolution in comparison with Cha I and Cha III regions, which offers an excellent opportunity for studying the formation of brown dwarfs: a number of pre-main-sequence stars with Hα emission were identified in this region (Schwartz, 1977; Hartigan, 1993) . Near-infrared and IRAS data confirmed that these sources likely harbor circumstellar material (e.g. Larson et al. 1998 ).
An ISO 3 study revealed four new candidate young stellar objects, including a very low luminosity (≥ 0.01 L ⊙ ) source with mid-infrared excess (Persi et al., 2003) . Alcalá et al. (2000) detected 40 X-ray sources using ROSAT 4 observations (only 14 of these sources coincided with previously known young stellar objects) and suggested that Cha II contains a smaller number of weak-line T Tauri stars (Class III) than classical T Tauri stars (Class II), unlike the rest of Chamaeleon major dark clouds (Cha I and III), suggesting that Cha II is the one in the earliest stage of evolution. In addition, Vuong et al. (2001) Evans et al. 2003) and as part of the Herschel Gould Belt survey key project Spezzi et al., 2013) .
In this work we present very deep observations at 870 µm using the LABOCA bolometer at the APEX telescope towards the Cha II complex. The sensitivity of our map (∼5 mJy/27.6 ′′ beam) provides a 5σ threshold for the H 2 column density of 2.1×10 21 cm −2 , and a 5σ mass limit of ∼0.015 M ⊙ , well within the substellar regime. This is the first time that such a deep map has been done in this region. Our goal is to detect faint cold dust envelopes surrounding very low mass objects to provide the best candidates to pre-brown dwarfs (the scaled-down version of the low mass pre-stellar cores) and proto-brown dwarfs in the Cha II region. We have complemented our submillimeter data with a multiwavelength database, from the optical to the far-infrared, aiming to reveal the true nature of the detections and to provide clues for their properties and formation mechanism. This paper is structured as follows: in Section 2, we describe the observations and the archival data. In Section 3, we show the results. Finally, we present the discussion and the conclusions of this work in Sections 4 and 5.
Observations and Archival data

Selection of the region
The region in the cloud with most recent star formation was selected to carry out our study. Using InfraRed Array Camera (IRAC) Spitzer archival data we generated a color-color diagram (see Fig 1, left panel) that was used to classify the stage of the evolution of Cha II members in Class I, II and III sources, following Allen et al. (2004) . Then, we represented the spatial distribution of the known candidate young members of Cha II, and we selected a region of 14 ′ × 14 ′ projected size where the highest density of very low mass ClassI/II and Class I objects was observed (see Fig 1, right panel) . Two out of the three Class I sources in the area, according to their positions in the color-color diagram, lie in the region of our LABOCA observations.
LABOCA 870 µm continuum data
We carried out continuum observations at 870 µm in the selected region using LABOCA bolometer array, installed on the Atacama Pathfinder EXperiment (APEX 6 ) telescope. Our data were acquired on 2010 April 08, 09, and 11 during the Onsala Swedish program O-085.F-9301A-2010 under good weather conditions (pwv∼1.20 mm, equivalent to a zenith opacity of 0.34 at 870 µm). Observations were performed using a spiral raster mapping centered at α = 12 h 53 m 29.9 s , δ = -77 o 10 ′ 57 ′′ (J2000.0) and covering an area of projected size 14 ′ × 14 ′ . The total integration time was ∼13 hours (10.4 hours on source). Calibration was performed using observations of Mars as well as the secondary calibrator G305.81-0.25. The absolute flux calibration uncertainty was ∼8%. The telescope pointing was checked every hour and focus settings were checked once per night and during the sunset.
Data were reduced using CRUSH 7 software package (see Kovács 2008 ) and the BOlometer Array Analysis Software (BoA 8 ). The pre-processing steps consisted of flagging dead or cross-talking channels, frames with too high telescope accelerations and with unsuitable mapping speed, as well as temperature drift correction using two blind bolometers. Data reduction process included flat-fielding, opacity correction, calibration, correlated noise removal (atmospherics fluctuations seen by the whole array, as well as electronic noise originated in groups of detector channels), and de-spiking. Every scan was visually inspected to identify and discard corrupted data.
Data processing was optimized to recover faint sources. The final map was smoothed to a final angular resolution of 27.6 ′′ . As a result, we obtained a 1σ point source sensitivity of ≃4 mJy at the center of the map and ≃6 mJy at the edges.
Mining the archives: optical to far-infrared data
In order to properly classify the sources detected at 870 µm and search for optical to far-infrared counterparts, we built an extensive multiwavelength catalogue in the Cha II region with public data from different space missions and ground-based telescopes. We used optical data from the Wide Field Imager (WFI 9 ) at MPG/ESO 2.2m telescope, as well as the Visible Multi-Object Spectrograph (VIMOS 10 ) in the imaging mode, at the VLT. In the near-infrared, we used the point-source catalogue from the 2 Microns All sky survey (2MASS 11 ), and the Deep Near Infrared Survey of the Southern Sky (DENIS). The Preliminary Release Image and Source data product from the Wide-field Infrared Survey Explorer (WISE 12 ) mission, Spitzer IRAC 13 data and Akari 14 Infrared Camera (IRC) Point Source Catalogue data products were considered in the mid-infrared range. Data in the far-infrared were taken from the Multiband Imaging Photometer for Spitzer (MIPS 15 ) and from the Akari Far-Infrared Surveyor (FIR) Bright Source Catalogue (see Table 1 for a detailed description). Herschel PACS 16 and SPIRE 17 maps were also processed for checking the spatial coincidence of the cores detected with LABOCA in the filamentary and clumpy structure observed in Herschel maps.
Results
Submillimeter emission at 870 µm
The LABOCA map reveals a clumpy distribution of cold dust with two bright sources spatially coincident with well known young stellar objects (YSOs; see Fig. 2 ). The northern one, known as DK Cha, is associated with IRAS 12496-7650 and the southern one is the submillimeter counterpart of IRAS 12500-7658. Both sources are surrounded by more extended diffused emission, probably tracing material from the parental cloud.
The central part of the map, which is the region with the lowest noise, shows various faint cores. We have identified a total of fifteen local maxima at more than 5σ emission (see Table 2 for a summary of the main properties of the detections). Eight of them correspond to unresolved point-like sources and the other seven cores show a more extended morphology.
Searching for optical to infrared counterparts
We used our extensive multiwavelength catalogue to search for counterparts to the detections at 870 µm (see some examples in Table A .1). The position of every submillimeter source was cross-matched with this catalogue, considering all possible counterpart candidates falling into the beam size of LABOCA (27.6") for point-like sources, and into the total core area for the ones showing spatial structure. Once we identified all the counterpart candidates as a function of the separation to the submillimeter core, we analyzed their spectral energy distribution to identify and classify reliable candidates. An extended explanation of the used method is provided in appendix A. Results on this method are shown in , 5σ, 7σ, 9σ, 12σ, 15σ, 20σ, 30σ, 40σ, 50σ, 60σ, 90σ, 120σ, 170σ, 220σ, 270σ, 350σ, and cores D (IRAS 12500-7658 ) and E, with contours at 3σ, 5σ, 7σ, 9σ, 12σ, 15σ, and 20σ. See different values of rms in table 2.
Mass of the cores
For the calculation of the mass of the cores we assume the emission at 870 µm comes totally from thermal dust and it is optically thin. We estimate the total mass (gas+dust) assuming a gas-todust ratio of 100 and adopting the following relation:
where S 870 is the flux density of the cores (i.e. the integrated emission over the solid angle) at 870 µm, d is the distance to the source, κ 870 is the dust opacity per unit mass (gas+dust) column density at 870 µm, and B 870 (T d) is the Planck function at 870 µm for a dust temperature T d . We adopt a distance of 178 pc (Whittet et al., 1997) , a T d =10 K, and a dust opacity at 870 µm of 0.0175 cm 2 gr −1 that results from interpolating the values at 700 and 1000 µm given in column 6 of Table 1 of Ossenkopf & Henning (1994) (corresponding to dust grains with thin ice mantles at a density of 10 6 cm −3 ). The opacity law of Ossenkopf & Henning (1994) is consistent with the law inferred from Herschel data towards Infrared Dark Clouds (e.g., Lim & Tan 2014) . The value adopted by us at 870 µm is 50% compared to the value adopted by the Herschel Gould Belt Survey (of ∼0.01189 cm 2 g −1 , Roy et al. 2013) , well below the typical uncertainty for the dust opacity inferred from modeling of Herschel data, of about a factor of two (Wagle et al., 2015) .
Flux density was calculated by integrating the emission above 3 σ contours. The derived core masses are affected by errors coming mainly from the uncertainty in T d , dust opacity, and the distance. The error in the distance calculation is estimated to be 18 pc (Whittet et al., 1997) , providing a change in the core masses estimation of a factor ∼1.2. An increment of a factor two LABOCA 870 microns SPIRE 350 microns Fig. 4 . SPIRE Herschel emission map at 350 µm (colour) superposed with LABOCA emission at 870 µm (contours; levels similar to DK Cha panel in Fig 2) .
in the value of the opacity and of the T d produces a decrement in the value of the mass of a factor ∼2 and ∼3.3 respectively. Therefore the highest source of error for the estimation of masses is the value of the dust temperature. Previous works aiming to model the dust temperature profiles of pre-stellar cores provided a variation from 13 K in the outer parts and 7 K in the inner parts (see Evans et al. 2001) . In this work we adopt an average value of T d =10 K. The adopted criteria provides eleven cores with masses in the substellar regime and four cores with stellar masses (see Table 2 ).
Discussion
Nature of the counterpart candidates
In order to reveal the nature of the optical to infrared possible counterparts found, we performed a study of the SED properties on every reliable counterpart candidates of the submillimeter cores using Robitaille et al. (2006 Robitaille et al. ( , 2007 SED tool. From this analysis we derive that two cores (D and K) are clearly associated with the well known young objects DK Cha (IRAS 12496-7650) and IRAS 12500-7658. Nine cores (A, B, C, G, H, I, J, N, and O) lack any YSO candidate counterpart, being the SEDs of the found possible counterparts compatible with extincted background stars and hence not associated with the submillimeter cores. Cores E, F, and M do not show any counterpart. In core L, we found a YSO candidate with counterparts in I1 and I2 IRAC bands. These results are summarized in Table 2 .
The NASA/IPAC Extragalactic Database (NED 18 ) was checked to search for extragalactic contamination at the position of each core, and no extragalactic counterparts were found. We also compared our map with recent public Herschel observations with SPIRE and PACS, obtaining a very good spatial coincidence between the cores at 870 µm and the clumpy filament emission shown by Herschel (see Fig. 3 for a close up superposition of every core detected at 870 µm with PACS at 160 µm and Fig. 4 for an overlap of the SPIRE map at 350 µm and the region observed with LABOCA). It is remarkable the faint dusty micro-filaments where most of the LABOCA cores seem to be embedded. These filaments, observed at a noise level in the LABOCA map and clearly confirmed by Herschel, suggest a scaled-down version of the network of longer and dense filaments recently studied by André et al. (2010) , Könyves et al. (2010) and Hacar et al. (2013) in several molecular clouds, and proposed to be the precursors of pre-stellar cores via fragmentation. ( f ) For cores showing extended emission we applied a specific data processing (using option "extended" in CrUSH) for avoiding the filter of extended structures. Palau et al. 2012 Palau et al. , 2014 Lee et al. 2013) . Arrows represent upper limits.
Previously known young stellar objects in the region
IRAS 12496-7650, also known as DK Cha, is the most massive object in Cha II region, an intermediate-mass Herbig Ae star in a transitional stage of evolution between Class I and II ) that hosts a face-on disk-outflow system (van Kempen et al., 2010) . This source has been extensively studied by Spezzi et al. (2013) , providing an estimation of the most probable parameters of the disk surrounding DK Cha. Spezzi et al. (2013) model the SED of this source from the optical to millimeter wavelengths (using Herschel data) and the flux at 870 µm expected from their set of best-fitting models agrees very well with our measurements given in Table 2 .
Our deep submillimeter observations reveal this source immersed in a well defined elongated and clumpy nebulosity. Elongated structures with multiple sub-peaks have been observed surrounding other intermediate-mass YSOs, being the nature of this emission not clear whether due to multiple sources embedded in the elongated structure, or due to shocks in the outflow, or just tracing the natal cloud (e.g. Fuente et al. 2007; Rathborne et al. 2005 ). In the case of DK Cha the outflow has been proposed to be perpendicular to the plane of the sky, which rules out this phenomenon as cause of the dust structure observed. Considering the filamentary structures observed in Herschel maps with multiple cores embedded inside, such a stream of dust clumps may be tracing embedded YSOs being formed inside the natal cloud.
Besides DK Cha there is another young central object in the elongated dust structure, which corresponds to the infrared counterpart of core L (see subsection 4.3). A high level of fragmentation is revealed in our map and one of the embedded cores (core M) seems to be gravitationally unstable (see subsection 4.4). Therefore we conclude they are multiple pre-stellar and protostellar cores belonging to the same parental nebula. IRAS 12500-7658 has been catalogued as a Class I object of spectral type close to K5 (Spezzi et al., 2013) . In this work, we detect compact submillimeter emission associated with this IRAS source very close to a southern and extended starless core of ≃10 4 AU size (see Fig. 2 and 4), typical scale of dense cores where low mass stars are formed. Spezzi et al. (2013) modeled in detailed its SED and inferred a first estimation of the parameters of the young disk surrounding this source, predicting a flux at 870 micron consistent with our observed value ( Table 2) . No further analysis will be presented in this work beyond the SED and the photometry shown in Fig A.1 and Table A.1.
A possible candidate to proto-BD
The infrared counterpart (I1, I2) of core L lies only about ∼ 1 ′′ away from the peak of the submillimeter source. This excellent match, which can be seen in Fig 5-left, strongly suggests that the infrared and submillimeter sources are spatially associated. In order to further explore the possible nature of core L, we compared its SED (for which we list the photometry in Table 3 ) to the known SEDs of previously reported Class I (J041757B, Barrado et al. 2009; Palau et al. 2012 ) and Class 0 (Lee et al., 2013; Palau et al., 2014) proto-BD candidates, and the result is shown in Fig 5- right. The figure shows that the IRAC and 870 µm fluxes are comparable to the fluxes of the Class I proto-BD candidate J041757B. But core L could still be a Class 0 proto-BD, depending on the real values of the fluxes between 5 and 500 µm, for which only upper limits could be estimated, due to the close position of DK Cha dominating the emission at these wavelengths. The upper limit to the bolometric luminosity of core L is < 0.08 L ⊙ , similar to the bolometric luminosity of the Class 0 proto-BD IC348-SMM2E (Palau et al., 2014) . Such a low bolometric luminosity, together with the fact that its envelope mass is substellar (∼ 50 M Jup ) indicates that core L could be a proto-BD candidate. We warn that this is still a speculative result based on three photometry points (in the near infrared and at submillimeter frequencies) and a set of upper limits, but due to the scarce number of known proto-BD candidates the core ChaII-APEX-L deserves further studies to confirm its real nature.
4.4. Cores with no counterpart: pre-BD cores? Padoan & Nordlund (2004) , who investigated the in-situ formation of BDs in supersonically turbulent clouds via turbulent fragmentation, stated that substellar objects can be formed in cores of a density as high as the critical one for the collapse of a BD mass core. These authors used the mass of the critical BonnorEbert isothermal sphere to infer the critical density:
with M BE in M ⊙ , T in K, and n crit in cm −3 . For the resolved extended starless cores C, E, G, H, J, and O we obtain a n core < n crit (see Table 2 ), suggesting all of them are gravitationally stable transient cores. Core M, close to DK Cha and with a mass in the stellar regime, is the only one that presents extended emission with a n core > n crit , with a value of n core =1.8 × 10 5 cm −3 two orders of magnitude larger than n crit =2.2 × 10 3 cm −3 . This result suggests this core is in a prestellar, gravitationally unstable, stage.
For the rest of the point-like (unresolved) sources detected in our APEX/LABOCA map, starless (cores A, B, F, I, and N ) or associated with a central YSO (cores D,K, and L), we calculated the maximum radius required to have a core density higher than the critical one. We conclude that for objects in the sub-stellar regime radius between R≤220 AU for the less massive cores (0.016 M ⊙ ) and R≤907 AU for the most massive one (0.066 M ⊙ ) are needed to become gravitationally unstable.
Whether these faint starless point-like sources are transient cores or will grow in mass and will become pre-stellar objects that form brown dwarfs or/and planetary-mass objects can only be answered by studies at high-angular resolution and highsensitivity using a telescope like ALMA (a radius of 220 AU at 178 pc subtends a projected size of 1.2 ′′ and ALMA can achieve a spatial resolution below 0.1" at the frequencies of the study presented here). In addition spectroscopic observations similar to the ones reported by André et al. (2012) using Plateau de Bure interferometer to observe the now confirmed pre-brown dwarf Oph B-11, will provide the final answer to their energetic state and their dynamical mass.
Conclusions
In this work we present high sensitivity observations at 870 µm toward an active star forming region in the Chamaeleon II molecular cloud, which provides a 5σ mass limit of 0.015 M ⊙ , in the substellar regime. Our main goal is to identify a population of pre-and proto-brown dwarf candidates to be studied in detail with future ALMA observation. We built an extensive multiwavelength catalogue from the optical to the far-infrared in order to search for counterparts and classify properly the sources detected at 870 µm. The main conclusion are: -A total of fifteen cores were detected in the mapped region at 870 µm, eleven of them have substellar masses and four of them show masses in the stellar regime. -Two cores are the submillimeter counterparts of the well known YSOs DK Cha and IRAS12500-7658. We identified a possible candidate to proto-BD (core ChaII-APEX-L) that shows counterparts at 3.6 and 4.5 µm. The rest of the cores have a starless nature, seven of them show extended emission and five are spatially unresolved point-like sources. -Based on the Padoan & Nordlund (2004) theory of formation of BDs via turbulent fragmentation, we infer that most of the spatially resolved cores are transient and gravitationally stable except core ChaII-APEX-M, which density is higher than the critical one. For point-like starless cores in the substellar regime (with masses between 0.016 M ⊙ and 0.066 M ⊙ ) we conclude that radius smaller than 220 AU to 907 AU respectively are needed to be in a gravitationally unstable stage and became pre-brown dwarfs.
This paper, based on very deep observations at 870 µm, provides a sensitivity that complements the Herschel maps and illustrates the role of ground-based submillimeter telescopes in the identification of candidates for future ALMA studies on the formation of young substellar mass objects. We also highlight the need of multiwavelength studies to interpret properly the results.
Appendix A: Counterparts Identification
For identifying counterparts of the submillimeter cores detected with LABOCA at other wavelengths, we performed an X-matching procedure following the next strategy: We took as base for the X-matching radius the one derived from the LABOCA beam and we proceeded in pairs crossing this LABOCA parental catalog with each catalog corresponding to a different frequency and/or instrument (individual catalogs corresponding to: 2MASS, AKARI, DENIS, Spitzer/IRAC, channels 1-4 independently, Spitzer/MIPS, channels 1 and 2 independently, WFI and VLT/VIMOS; and finally WISE; see Table 1 ). Herschel SPIRE and PACS maps were not used for counterparts identification due to the clumpy nature of its emission. Nevertheless these data were crucial to confirm the detection of the faintest cores observed in our LABOCA map.
Once we had the individual possible counterparts for each match, we visually inspected those positions in the IRAC, WISE and 2MASS images and discarded all possible counterparts that corresponded to artifacts in the images (areas compromised by saturation, bright star spikes, ghosts, etc.). For the counterparts that passed the first visual inspection of the images, we performed a combined analysis of the counterparts' astrometry, grouping those objects whose positions at all different wavelengths are compatible amongst each other given the typical uncertainty in position of those catalogs (much more precise than the LABOCA beam), see Fig A. 1. For revealing the nature of the counterparts found, we studied the SEDs properties using Robitaille's SED tool (Robitaille et al., 2006 (Robitaille et al., , 2007 , which allowed us to disentangle between background stars and young stellar objects candidates. 
